Abstract-In this paper, we propose an efficient methodology for detecting magnetic field and thereby magnetic patterns using an injection-locked spin-torque nano-oscillator (STNO) array. We demonstrate the methodology with the implementation of a physical STNO model based on the Landau-Lifshitz-GilbertSlonczewski equation, which is benchmarked with experimental data. Based on our simulations, we provide an analysis of how the STNO, as a field-controlled oscillator, together with injection locking, can be used to sense magnetic fields and thereby magnetic patterns. The output can be sensed using simple CMOS peripheral circuitry.
operation of these conventional sensors is based on change in the device resistance in the presence of magnetic field that is sensed using some sensing mechanism. These sensors, though capable of detecting low magnetic fields, are power inefficient, as they need power hungry amplifiers to detect the resistance change that is often a few orders lower than an ohm. Currently, in magnetic pattern recognition applications, MR sensors are mainly used in two formats. The first method uses a Wheatstone's bridge network in which a reference sensor and an active sensor form the two limbs of the bridge. The difference in resistance between the two sensors arising due to magnetic field gives rise to a signal that is detected using high gain amplifiers [10] [11] [12] [13] [14] . The other method is based on a voltage divider network formed by MR devices. The resistance change due to the presence of magnetic field is again amplified and detected using high gain amplifiers. The latter method is reported in some of the commercially available magnetic pattern recognition sensors [14] . However both these sensors require high operating voltages, which lead to high power consumption [14] .
In this paper, we propose a methodology to detect magnetic patterns using an injection-locked spin-torque nanooscillator (STNO) array. STNOs are used as field-controlled oscillators (FCOs) in which the magnetic field generated by the magnetic particles/pattern is used to change the STNO frequency. In the absence of magnetic field, the STNOs remain phase locked to a reference ac signal. The change in frequency is detected using a CMOS peripheral circuitry (detector circuit) which determines the presence or absence of a magnetic field. Sensing magnetic field using the STNOs has been previously proposed [15] for reading data on magnetic disks. However, to the best of our knowledge, this is the first time we are proposing the use of an injection-locked STNO array for detecting magnetic patterns.
The rest of this paper is organized as follows. In Section II, we present the details of the device structure and the modeling of magnetization dynamics of STNOs along with the results benchmarked to the experimental data. In Section III, we present the results of STNO as an FCO and state the requirements of STNO to be used in field sensing. Section IV provides the circuit, architecture details, and simulation results for magnetic pattern recognition using an injection-locked STNO array. Finally, the conclusion is drawn in Section V. [16] , [17] given by
II. MODELING STNO DEVICE OPERATION
where − → m is the magnetization of free layer, dτ is the dimensionless time step in units of γ 0 M s , γ 0 is the gyromagnetic ratio, M s is the saturation magnetization of free layer, α is the Gilbert damping constant, and − − → H eff is the effective field acting on the STNO. − − → T STT is the total spin-transfer torque (STT) due to spin-polarized current flowing through the device given by [18] − − →
where T IP and T OP are the in-plane and out-of-plane torques, respectively. Here, J is the current density, d is the thickness of free layer, − → m p is the fixed layer magnetization direction, e is the electronic charge, μ B is the Bohr magneton, and g is the dimensionless g-factor. The term ε T represents the angular dependence of the spin-torque polarizing function for MTJ, as derived by Slonczewski [19] , Slonczewski and Sun [20] and given by
where η T is the spin polarization factor, θ is the angle between fixed and free layer magnetization, and q(V ) is the coefficient that considers the voltage dependence of the T OP [21] . However, in this paper, q(V ) is taken as a constant and the voltage dependence is not considered. In our simulations, an effective oersted field [22] is considered, which is calculated using the Biot-Savart's law as − → H oe = (I /4π R)(cos ϕ1 + cos ϕ2) n. Here, I is the input current, R is the radius of the STNO with circular crosssectional area, and ϕ1 and ϕ2 are the angles formed by line joining the point of interest to the ends of the wire carrying current and are taken as 45°for convenience. n represents the direction of the oersted field given by z × − → m , where z is the direction of flow of current. It can be noted that n forms concentric circles in the x y plane with z as the axis. The thermal noise is modeled by a randomly fluctuating field − → H th , with each spatial component (x, y, and z) drawn from a Gaussian distribution of zero mean and standard [23] , [24] , where k B is the Boltzmann constant, T is the absolute temperature, V is the volume of free layer magnet, and t is the time step used in simulations.
As shown in (1), the first term in the LLGS equation denotes the precession term resulting from effective magnetic field. The second term denotes the damping term that aligns − → m with − − → H eff . The third term corresponds to the current-induced STT term. The conductance (G) of STNO can be expressed as a function of the relative angle (θ) between the magnetization of fixed and free ferromagnetic layers as
where G P and G AP denote the conductance when the fixed and free layers are parallel (θ = 0°) and antiparallel (θ = 180°), respectively. The resistance of the device is given by R = 1/G. Our simulation model is benchmarked to the experimental data (frequency versus current plot) reported in [25] for an STNO device with an in-plane fixed layer and a perpendicularto-plane (PMA) free layer [ Fig. 1(c) ]. The sustained free layer magnetization oscillation can be achieved without external magnetic field for this configuration, as demonstrated experimentally [25] . The parameters used to benchmark the simulation model are summarized in Table I . Fig. 1(a) and (b) shows the transient magnetizations (x, y, and z components) and the fast Fourier transform (FFT) of the x-component of magnetization (m X ), respectively, for an input current of −200 μA. Fig. 1(d) shows the STNO frequency versus current showing good match between the simulation and the experiments.
The STNO frequency can be locked to that of an external ac current, if the frequencies are close to each other. This is called injection locking and has been observed experimentally [26] [27] [28] [29] [30] . In injection locking, a reference ac current (I ac ) is injected into the STNO along with the bias or dc current (I dc ), as shown in Fig. 2(a) . The current density ( J ) = J dc + J ac , where J ac = I ac (t)/A is the ac current density with A being the cross-sectional area. I ac (t) = I 0 cos(2π f ac t) is the injected ac current with t denoting time, I 0 is half of the peak-to-peak current amplitude, and f ac is the frequency of injected current. Fig. 2(b) shows the STNO frequency versus input dc current plot for different peak-to-peak amplitudes of ac signal used in injection locking. As the frequency of STNO comes close to that of reference ac signal (horizontal dotted black line at 1.05 GHz), it gets locked to it. This locking range can be increased by increasing the peak-to-peak amplitude of the ac signal, as shown in Fig. 2(b) . In this analysis, the ac source is considered to be perfectly sinusoidal, i.e., noise in the ac source is not considered.
III. STNO AS A FIELD-CONTROLLED OSCILLATOR
One of the unique characteristics of STNO is that its frequency of oscillation can be tuned either with bias current or with applied magnetic field or both. In other words, STNO can be used as a current-controlled oscillator (CCO) or an FCO. Fig. 3 shows the operation of STNO as an FCO in which the frequency of oscillation is modulated by the field applied in different directions (x-, y-, and z-axes). Fig. 3(a) and (b) shows the simulation results without thermal noise and with thermal noise, respectively. It can be noted that the effect of magnetic field on STNO frequency is different in different directions. This is because the precession torque will be different for field in different directions as per the LLGS equation, as discussed in Section II. For the device structure shown in Fig. 1(c) , the frequency modulation by the applied field (d f /d H , i.e., change in STNO frequency with the applied field) is maximum when the field is along the x-direction. Similar STNO device structure and applied field configuration have been reported in the literature [15] with the maximum value of d f /d H . For the parameters summarized in Table I [31] , [32] . STNOs with high d f /d H are desirable for field detection, which is described in Section IV.
One of the major factors that limits the use of STNOs in field sensing is the effect of thermal noise on its frequency. As discussed in Section II, the thermal noise given by
1/2 increases as the size of STNO magnet (volume-V) becomes smaller. This leads to the distribution in the operating frequency and the distribution will be larger for smaller magnets. Hence, sensing the magnetic field by detecting the change in STNO frequency becomes challenging for smaller magnets. In order to sense low magnetic fields, it is important to reduce the effect of thermal noise. At a fixed temperature, thermal noise can be reduced either by increasing the volume-V of the magnet or by choosing a material of higher saturation magnetization M s or both. However both these methods lead to increase in the bias current required to generate the same frequency of oscillation. Fig. 4(a) shows the values of thermal field (σ th ) and frequency distribution (σ f ) for different magnet sizes (area) of STNO. The thermal field is calculated using the equation mentioned above and the distribution of frequency (the standard deviation σ f ) is obtained by simulating 100 samples of STNO with random thermal field. Fig. 4(b) shows the bias current (I bias ) required to generate a frequency of 1 GHz for various magnet sizes. As can be observed, increasing the magnet size reduces the thermal field and thereby the frequency distribution (σ f ). However, this also leads to an increase in the bias current.
IV. MAGNETIC PATTERN RECOGNITION USING INJECTION-LOCKED STNOs
In this section, we propose a methodology for magnetic pattern recognition using an injection-locked STNO array. The architecture, circuit, and simulation results will be discussed in detail in Sections IV-A-IV-C.
A. Architecture Fig. 5(a) shows the frequency of STNO versus external magnetic field (Hext) applied in the x-direction for different reference ac signals. In order to reduce the effect of thermal noise, a magnet size of 500-nm diameter with circular cross section is chosen. The thickness of magnet is 1.6 nm, and the saturation magnetization is 1400 kA/m. A bias current of 1 mA is required to generate an oscillation of 1 GHz. The other parameters used in the simulation are the same as those summarized in Table I . Fig. 5(a) shows that the locking range increases with higher peak-to-peak amplitude of injected ac signal. As the field increases, the STNO frequency changes and hence comes out of the locked state. Fig. 5(b) and (c) shows the transient plots of STNO magnetization and ac reference signal for the locked and unlocked states, respectively. It can be observed that in the locked state, the STNO magnetization is phase locked to the external ac signal, while in the unlocked state, it is not. The sensor circuit to detect magnetic patterns consists of an N × N array of STNOs, all biased with the same bias or dc current (I b ) and injection locked to an external ac signal (frequency = 1 GHz), as shown in Fig. 6(a) . To detect the magnetic field and hence magnetic patterns, an integration window [shaded region shown in Fig. 6(a) ] consisting of outputs from an 3 × 3 array of STNOs is chosen. The outputs of all the STNOs from this window are combined using a capacitive averager [ Fig. 6(b) ], and the combined signal [V sum in Fig. 6(b) ] is passed through an integrator circuit. The integrator consists of a low-gain high bandwidth amplifier at the first stage that is used to amplify the averaged waveform. Note that, if the amplitude of this signal is large enough, such amplifier is not needed. The amplified signal is then passed through a voltage comparator that charges the load capacitance through a pMOS transistor. If all of the STNOs in the integration window are locked [ Fig. 6(c) ] (which is true in the absence of external magnetic field), then the integrator output is high [locked case in Fig. 6(e) ]. If some of the STNOs in the window are oscillating at different frequencies due to the presence of magnetic field [ Fig. 6(d) ], then the integrator generates a low output [unlocked case in Fig. 6(e) ]. The integration window can be scanned over the whole sensor array and the presence of magnetic field, and hence magnetic patterns can be tracked by monitoring the output from the integrator circuit.
The detection circuit operates in two steps. In the first step, all the STNOs are biased with the same dc as well as a reference ac signal. Those STNOs that do not come under the influence of magnetic field generated by the magnetic pattern are frequency locked to the ac signal. On the other hand, STNOs under the influence of magnetic field may not remain frequency locked. Note, all the STNOs are allowed to settle to either the locked or the unlocked states depending on the presence of field. In the second step, the locked or unlocked states of STNOs are detected using the integrator, described earlier. The total time required for the operation is ∼100 ns. Fig. 6 (e) only shows the second step in the detection process, which is ∼5 ns.
B. Simulation Results
In this section, we demonstrate the magnetic pattern recognition using our proposed methodology with a test example. Fig. 7(a) shows the input magnetic pattern in a 40 × 40 array. The strength of the magnetic field is ∼6 Oe on the sensor. Fig. 7(b) shows the 2-D frequency (gigahertz) contour of the magnetic pattern. As we can observe, the presence of magnetic field through magnetic pattern makes the STNOs in those sites oscillate at a slightly lower frequency compared with that of the other STNOs. The injection-locked STNOs oscillate at 1 GHz, while the STNOs under the influence of magnetic field oscillate at ∼0.96 GHz. The slight variation in the frequency (frequency dots) shown in Fig. 7(b) in the regions, where there is no field, arises due to the thermal noise. Fig. 7(c) shows the output of the sensor circuit used to detect the magnetic pattern. This plot is obtained by feeding the output signals of a 3 × 3 integration window into the detector circuit, as explained in Section IV-A. A window size of 3 × 3 is chosen for demonstration purpose only and the size can be different depending on the total array size and the range of field strength to be detected. Fig. 7(d) shows the minimum field that can be detected using this method for different sizes of STNOs (size representing the diameter of the magnet). The detectability of field is mainly limited by the thermal noise. As we increase the size of the magnet, the thermal noise goes down. Thus, the sensor sensitivity can be increased to detect low fields. For a magnet of size 500 nm (with parameters summarized in Table I ) with the field sensitivity of ∼82 GHz/tesla, a minimum field of about 5-6 Oe can be detected through the proposed method. Experimentally, STNOs with 180 GHz/tesla have been demonstrated for GMR-based devices [32] , [33] . With these devices, it is possible to detect magnetic field two to three times lower than what is estimated through the simulations in this paper for the same magnet size.
C. Variation Analysis
In Section IV-B, all the STNOs in an array were considered to be identical. However, in reality, the variation in processing conditions leads to the variation in STNO physical properties, such as cross-sectional area, which in turn leads to the variation in STNO electrical properties, such as oscillation frequency. In order to study the effect of variation on pattern recognition, simulations were performed with 5%, 10%, and 15% variations in the STNO cross-sectional area. For example, 5% variation is considered by considering different STNOs in an array, whose cross-sectional areas vary randomly within the range ±2.5% from the nominal value. However, the variation in other parameters, such as Gilbert damping constant and saturation magnetization, was not considered. Fig. 8 shows the results of pattern recognition with the variations in the STNO area. As the variation increases, the torque generated also varies. As a result, the STNO frequency varies from its nominal value, which can lead to false detection. Fig. 8(a), (c) , and (e) shows the 2-D frequency contour of the magnetic patterns, and Fig. 8(b), (d) , and (f) shows the output from the sensor circuit for 5%, 10%, and 15% variation in the STNO cross-sectional area, respectively. The simulation results indicate that the injection-locking-based detection mechanism can also be variation tolerant.
The conventional MR sensors rely on sensing the resistance change which is usually of the order of less than an ohm. Functional block diagram of GMR sensor taken from NVE Corporation data sheets [33] .
As a result, they require high gain amplifiers or a current sink to measure this change. In addition, they require additional magnetic fields (for example, bias field and tickling field used in biosensors [13] ) to bias the sensor and the magnetic particles. Compared with the conventional method, the methodology proposed in this paper employs a simple integrator circuit to detect the locked and unlocked states of the STNOs that can be advantageous in terms of power and also area. The power dissipation in the conventional GMR-based sensors can be estimated from Fig. 9 taken from the data sheets of NVE Corporation [33] . Typical bridge resistance is 5 k , and operating voltage is 4.5 V (average). Output has 10 V supply with load resistance of 1 k . The power dissipation in GMR bridge and current sink is 4.05 mW and 0.1 W, respectively (without considering the comparator). Simulation results suggest that the power dissipation in the injection-locked STNO-based sensors is ∼1.5 mW, which is ∼70× lower compared with that of GMR-based sensor.
V. CONCLUSION In this paper, we proposed a methodology to detect magnetic field and thereby magnetic patterns using an array of injectionlocked STNOs. The presence of magnetic field through magnetic particles/pattern can be used to unlock the injectionlocked STNOs. The locked or unlocked states of STNOs in an array can be detected using a simple integrator circuit. This detection method helps avoid the use of high power amplifiers used in the conventional MR sensors. Results also show that this mechanism can be tolerant to the variations in the STNO cross-sectional area. With the STNO models summarized in this paper, simulation results suggest that a minimum field of about 5-6 Oe can be detected using an STNO of size 500 nm.
